Unraveling the role of genes annotated as protein of unknown function is of importance in progression of plant science. L-Galactono-1,4-lactone (L-GalL) is the terminal precursor for ascorbic acid (AsA) biosynthesis in Arabidopsis thaliana, and a previous study showed two DUF (domains of unknown function) 642 family genes (At1g80240 and At5g25460, designated as DGR1 and DGR2, respectively) to be sensitive to it. In this work, leaves from wild-type Arabidopsis were fed with D-glucose, L-galactose, L-GalL and AsA, and the expression level of the At1g80240 and At5g25460 genes showed a specific response to L-GalL, but not to the other supplements despite the increases of the tissue AsA contents. Analysis of promoter-b-glucuronidase (GUS) transgenic plants showed the two genes to be complementarily expressed at the root apex and in the rest of the root excluding the apex, respectively, in both young and old seedlings, and to be expressed at the leaf primordia. The GUS activity under the control of the At5g25460 promoter was high in the cotyledon and leaf veins of young seedlings. These findings were consistent with the results of quantitative real-time PCR. Interestingly, the T-DNA insertion mutant of At5g25460 (SALK_125079) displayed shorter roots and smaller rosettes than Col-0; however, no phenotypic difference was observed between the T-DNA insertion mutant of At1g80240 and the wild type. This is the first report on the expression and functional analysis of these two DUF642 family genes, with the results revealing the contribution of DGR genes to the development of Arabidopsis.
Introduction
The Arabidopsis genome contains 27,029 genes encoding proteins (Swarbreck et al. 2008 ). To date, 11,912 protein families have been released from the Pfam database (http://pfam .sanger.ac.uk/, Finn et al. 2008) , >22% of which are found under domains of unknown function (DUF; Bateman et al. 2010) , as they do not have any domain of known function as determined from the scientific literature. However, understanding DUF proteins is one of the greatest challenges in the field of plant science, especially for cell wall protein, which is composed of numerous DUF proteins (Jamet et al. 2006) .
L-Galactono-1,4-lactone (L-GalL) is the last precursor of ascorbic acid (AsA) biosynthesis in the Smirnoff-Wheeler pathway (Wheeler et al. 1998) , and the conversion of L-GalL to AsA is catalyzed by L-GalL dehydrogenase located in mitochondria using Cyt c as an electron acceptor (Yabuta et al. 2000 , Leferink et al. 2008 . Previously, an AsA-deficient mutant (vtc2-1) was fed with L-GalL, and two unknown homologous genes, At1g80240 and At5g25460, were significantly up-regulated together with genes encoding aspartyl protease and C3HC4-type RING zinc finger protein (Gao et al. 2011) . From the Pfam database, it was revealed that the two proteins belong to the DUF642 family, and this family has a conserved galactosebinding domain which is predicted to be conserved in another 24 families as well. The members of the DUF642 family have a single domain with no predicted enzymatic activity that is highly conserved in plants. In this work, for convenience, the two genes were designated as DGR1 (DUF642 L-GalL-responsive gene 1, At1g80240) and DGR2 (DUF642 L-GalL-responsive gene 2, At5g25460).
The rapid progress in proteomics makes it convenient for studying cell wall proteins. Recently, members of the DUF642 family were found to be located at the cell wall, and proteins encoded by DGR1, DGR2 and the gene At2g41800 were identified from the analysis of 'tightly bound' proteomes of purified cell walls from Arabidopsis cell suspension cultures (Bayer et al. 2006) . Subsequent biochemical studies of cell wall proteins by a proteomic survey of Arabidopsis hypocotyls indicated that among 137 predicted secreted proteins, 16 were unknown, and 30% are from the DUF642 family, including DGR1, DGR2, At3g08030, At4g32460 and At5g11420 (Irshad et al. 2008) . Obtaining information on the subcellular distribution of proteins is one way to help identify the functions of unknown proteins. However, very few studies have been carried out with the aim of understanding the DUF642 family.
In this study, we examined the physiological function of DGR genes and their possible relationship to AsA biosynthesis by gene expression and phenotypic analysis using T-DNA-inserted mutants. The quantitative real-time PCR (qPCR) results showed that the transcript level of DGR2 was much higher than that of DGR1 in both photosynthetic and non-photosynthetic tissue. Promoter::GUS (b-glucuronidase) transgenic plants revealed that the two genes were expressed in a complementary fashion in the roots. The phenotypes of the T-DNA insertion mutants of DGR genes indicated that DGR2 had a dominant effect on leaf expansion and root extension followed by seedling growth, compared with DGR1.
Results
The DUF642 gene family and DGR genes Cell wall proteins are vital components of plants and are involved in many aspects of the cell wall's development. DUF proteins are major components of the cell wall proteome (Jamet et al. 2006) . Proteins encoded by the DUF642 family (DGR1, DGR2, At2g41800, At3g08030, At4g32460 and At5g11420) have been identified in the cell wall (Bayer et al. 2006 , Irshad et al. 2008 . A phylogenetic tree predicted that DGR1 has greater similarity to DGR2 than other DUF642 family members in Arabidopsis (Fig. 1A) . Previously, to identify genes responsive to cellular AsA concentrations, we fed the AsA deficient-mutant vtc2-1 with L-GalL, the immediate precursor of AsA biosynthesis in the Smirnoff-Wheeler pathway. A comprehensive analysis using a microarray and qPCR revealed that the expression of DGR1 and DGR2, but not the other DUF642 members, was highly responsive to L-GalL (Gao et al. 2011) . In addition, the DUF642 family was predicted to have a conserved galactose-binding domain (Pfam; Finn et al. 2008 ). There are 370 and 369 deduced amino acids of DGR1 and DGR2, respectively; in addition, the identity of their putative amino acid sequence is 63.26% (Fig. 1B) .
DGR genes showed a specific response to the AsA precursor L-GalL To confirm the response of the DGR genes to sugars, 3-week-old Arabidopsis wild-type leaves were fed with 5 mM D-glucose (D-Glu), L-galactose (L-Gal), L-GalL and AsA under light for 10 h. The total AsA levels of the samples fed with L-Gal, L-GalL and AsA markedly increased, but there was no significant increase in the total AsA content from the sample fed with D-Glu compared with the control (H 2 O) ( Fig. 2A) .
Subsequently, the gene expression levels of the DUF642 family were detected by qPCR. Compared with the control, in the sample fed with L-GalL, the transcript levels of DGR1 and DGR2 increased >3-fold, and there was no significant change for the other treatments (Fig. 2B, C) . The expression levels of the other DUF642 members showed diverse changes: At5g11420 and At4g32460 were significantly suppressed by all the treatments compared with the control, and there were no significant increase with L-GalL (Fig. 2D, E) ; At3g08030 showed irregular changes in transcript levels following the treatment (Fig. 2G) . Therefore, among the DUF642 family, only DGR1 and DGR2 were responsive to L-GalL. These results also suggest that the genes from the DUF642 family might not be functionally redundant.
Expression profiling of DGR genes by qPCR
To investigate the expression profile of DGR genes in Arabidopsis, the transcript levels were detected by qPCR. Leaves and roots from Arabidopsis wild-type plants at 2 days post-germination (DPG), 1 week, 2 weeks and 3 weeks and from mature plants were used for the experiment. The expression levels of DGR2 were much higher than those of DGR1 in both leaf and root at all stages. In leaf, the expression level of DGR2 was higher in the seedlings than in mature plants (Fig. 3) .
GUS activity induced by the DGR promoter
The proteomic analysis showed the DUF642 family to be located at the cell wall (Bayer et al. 2006 , Irshad et al. 2008 ; however, there has been no report of their tissue distribution. To study DGR gene expression in tissue, the $2,000 bp upstream promoter region of each gene (up to the start codon 'ATG'; see the Materials and Methods) was cloned, and a promoter::GUS system was constructed and transformed into Arabidopsis wild-type plants. GUS activity analysis showed that the two genes were expressed complementarily in root tissue: DGR1 was expressed mainly in the root apex and decreased in level from the apex (Fig. 4A-C) , while DGR2 was expressed in root tissue but was absent from the root apex (Fig. 4E, G, H) . The above finding was made in both young (2 DPG; Fig. 4E ) and old (8 DPG; Fig. 4H ) seedlings. GUS activity was also detected at the stage of leaf primordial development from plants transformed with both DGR gene promoter::GUS fusions (Fig. 4D, I ).
Furthermore, in contrast to DGR1 promoter::GUS, the GUS activity from DGR2 promoter::GUS lines was detected in the cotyledon, hypocotyl and veins of young (2 DPG) seedlings (Fig. 4E, F) . On the other hand, except in the hypocotyl, the activity disappeared in the cotyledon and veins of the 8 DPG seedling (Fig. 4H ) and mature plants (data not shown). These results were consistent with the qPCR results (Fig. 3) . The data suggested DGR2 to be important during the development of young seedling and, compared with DGR2, DGR1 showed less GUS activity only in the root apex.
Phenotype of dgr mutants
To investigate the physiological function of the DGR genes, the following homozygous T-DNA insertion mutants from RIKEN and ABRC were used. The DGR1 mutant (pst_17202) was constructed against the background of Nossen, with the T-DNA inserted in the last exon. In the DGR2 mutant [SALK_125079, constructed from the Columbia-0 (Col-0) strain], the T-DNA was inserted in the promoter near the 5 0 -untranslated region (Fig. 5A) . The gene expression levels were confirmed by reverse transcription-PCR (RT-PCR). As shown in Fig. 5B , DGR1 was knocked out absolutely, and the transcript level of DGR2 was suppressed dramatically by the insertion of T-DNA compared with the wild type.
The dgr2 mutant was grown on Murashige and Skoog (MS) medium. The root length of dgr2 was markedly shorter than that of Col-0 (Fig. 5C, D) , by almost 50%. There was no significant difference between Nossen and the dgr1 mutant. It has been reported that a recessive short primary root mutant of Arabidopsis, atdfb, was associated with a disorganized quiescent center, and reduced cell division and expansion in the root cap (Srivastava et al. 2011) . Therefore, to observe the details of root development, the roots of the wild ype and dgr mutants were stained with propidium iodide (PI) and observed under The putative amino acid sequences encoded by DGR genes. Sequence alignment was generated using GENETYX (version 9) software. An asterisk indicates that the residues in that column are in both sequences, while a dot indicates the similarity of the residues in that column. Relative transcript levels of DUF642 family genes. Total RNA was extracted from each sample and reverse transcribed to cDNA that was used as a template for qPCR analysis with specific primers. The transcript levels were normalized against ACTIN-2. B, DGR1; C, DGR2; D, At5g11420; E, At4g32460; F, At2g41800; G, At3g08030. Significant differences from control were determined by Tukey's test: a P < 0.05. Data represent the mean ± SD (n = 3). a confocal microscope. No gross differences in the organization of cells around the quiescent center region, which plays a crucial role in root meristem maintenance, were observed between wild-type and dgr roots ( Supplementary Fig. S1 ). The leaves of the dgr2 mutant grown in Jiffy soil were smaller than those of the wild type throughout all of the growing stages (Fig. 5E) ; however, there was no difference in flowering time, and there was no significant phenotypic difference in the dgr1 mutant (data not shown).
Evaluation of galactose binding ability of recombinant DGR2 protein
Two DGR proteins were predicted to have a conserved galactose-binding domain (Pfam; Finn et al. 2008) . Galactose is one of the major structural components of cell wall pectin (McNeil et al. 1984) , and there is a bridge between AsA biosynthesis and the cell wall through galactose (Ishikawa and Shigeoka 2008) . Therefore, it is a matter of interest to evaluate whether or not DGR proteins actually have galactose binding ability. To verify this possibility, we expressed the recombinant protein in Escherichia coli. It was thought to be difficult to obtain solubilized recombinant DGR proteins without any tag, probably due to their hydrophobic property. We finally succeeded in obtaining the soluble recombinant DGR2 protein by tagging with a trigger factor (TF), an E. coli chaperon protein for promoting the solubility of a target protein, after several attempts. The protein was purified to near homogeneity by SDS-PAGE using a metal affinity column ( Supplementary  Fig. S2A ). It was difficult to obtain sufficient amounts of pure soluble recombinant DGR2 protein after detaching the TF tag by protease treatment (data not shown). We therefore decided to compare the galactose binding activity between the TF-tagged DGR2 protein and TF itself using D-[1-
14 C]galactose. The result showed no significant difference in the binding activity between them ( Supplementary  Fig. S2B ).
Discussion
In the present study, the focus was on two homologous genes, DGR1 and DGR2, from the DUF642 family because the gene expression levels were highly sensitive to L-GalL, an immediate precursor of AsA biosynthesis in the Smirnoff-Wheeler pathway (Gao et al. 2011) . DUF protein families make up about one-fifth of all protein families. Therefore, unraveling the functions of DUF proteins will markedly improve our understanding of plant physiology.
At first it was presumed that DGR proteins participate in the control of AsA biosynthesis, because they have a predicted galactose-binding motif. However, there was no significant difference in the AsA levels between the dgr mutants and the controls (data not shown). Actually, the recombinant DGR2 protein did not show significant galactose binding ability ( Supplementary Fig. S2 ), also supporting the negative correlation with AsA biosynthesis.
We reconfirmed that the transcript levels of DGR genes were increased specifically by feeding with L-GalL (Fig. 2B, C) . The physiological role of L-GalL is still unknown except as a precursor of AsA biosynthesis (Wheeler et al. 1998, Ishikawa and Shigeoka 2008) . However, it is possible that L-GalL is catalytically converted into D-galacturonic acid via L-galactonic acid, a product of lactone hydrolysis. Although information on aldono-lactonase and D-galacturonic acid reductase in Arabidopsis is scarce, there is convincing evidence that enzymes from other resources are able to convert these compounds in a reversible manner (Kuorelahti et al. 2005 . Therefore, the two DGR genes analyzed in this study might be up-regulated in response to the changing sugar contents including D-galacturonic acid or other closely related compounds as a result of L-GalL feeding.
What are the possible functions of the two DGR genes? The putative amino acid sequences of the two DGR genes showed high identity (Fig. 1B) , and the GUS activity assay showed a complementary expression pattern of the two genes in both young and developed roots (Fig. 4A-C strongly suggest a similar but non-redundant physiological function of the two genes. Furthermore, the GUS activity induced by the promoter region of both DGR genes was detected in leaf primordia (Fig. 4D, I ), where the most active cell proliferation takes place during leaf development. This suggested that DGR genes may function in true leaf formation. It was reported that the protein encoded by DGR1 was identified in the hypocotyl by proteomic analysis (Irshad et al. 2008) ; however, in our experiment, GUS activity was detected in hypocotyls from DGR2 promoter::GUS-transformed plants but not those from DGR1 promoter::GUS-transformed plants (Fig. 4A, E) , possibly due to the low abundance of DGR1. In addition, in the plants transformed with DGR2 promoter::GUS, GUS activity was detected in the cotyledon of young seedlings (Fig. 4E) , suggesting the more important role of DGR2 during the early stages of Arabidopsis development. Actually, the dgr2 mutant showed shorter roots and smaller rosettes, compared with the wild type ( Fig. 5C-E) , providing convincing evidence for a significant role in Arabidopsis development. The transcript levels relative to ACTIN-2 in the controls (fed with H 2 O) showed that DGR1 was expressed at only 15% of the level of DGR2, and transcript levels of the other members were lower than that of DGR1 (Fig. 2B-G) . The transcript level of DGR2 was much higher than that of DGR1 in both leaf and root at all the growth stages investigated (Fig. 3) , revealing that DGR2 is the most abundant in the DUF642 gene family. These results would also explain why a phenotypic difference was observed in the dgr2, but not in the dgr1 mutant (Fig. 5) .
, E, G, H). These results
Previous studies also provide some clues to understanding the functions of DGR genes. Proteins encoded by DGR genes were found to be located at the cell wall (Bayer et al. 2006 , Irshad et al. 2008 . It is well known that gelling pectin is crucial for cell wall extensibility which is related to plant growth (Yamaoka and Chiba 1983 , Jarvis 1984 , McCann et al. 1994 . It is also worth mentioning that the transcript level of the DGR2 gene is up-regulated by treatment with boric acid (Genevestigator; https://www.genevestigator.com/gv/index. jsp, Zimmermann et al. 2004) . Boron is also located in the cell wall and associated with pectin (Yamauchi et al. 1986 , Loomis and Durst 1992 , Matoh et al. 1992 . Its concentration in the cell wall is positively correlated with cell wall uronic acid, including D-galacturonic acid, galactose and rhamnose, and it is required for the correct structural conformation of pectin Brown 1994, Hu et al. 1996) . Hence, DGR proteins act in the synthesis or assembly of the cell wall, influence the cell wall's extension and consequently influence cell growth, which is crucial to the size of organs.
Materials and Methods

Plant materials and growth conditions
The Arabidopsis wild-type strain Col-0 and Nossen, and T-DNA lines SALK_125079 and pst17202 were used. For sterilization, seeds were put into Eppendorf tubes to which 10% bleach was then added, and kept for 2 min. The solution was removed and ; data represent the mean ± SD (n = 3). Significant differences from the control were determined with Student's t-test: b P < 0.01; c P < 0.001. (E) Leaves from three independent dgr2 mutants (bottom) and Col-0 (top) at age 2, 3 and 4 weeks. Bar = 1 cm.
for 2 d in darkness at 4 C and then transferred to a plant room at 21 C with a 14 h light (80 mmol photons m À2 s À1 ) and 10 h dark cycle.
Feeding experiment
Leaves of wild-type rosettes from five independent plants were placed into Petri dishes, containing 5 mM D-Glu, L-Gal, L-GalL or AsA. With the exception of AsA, the chemicals were dissolved in Milli-Q water. AsA was dissolved in 10 mM MOPS buffer, pH 6.0. Leaves were also incubated in Milli-Q water and MOPS buffer separately as a control. Samples were incubated in light (80 mmol photons m À2 s
À1
) for 10 h. The leaves were then washed with distilled water, gently dried with kimwipes (Kimberly-Clark) and transferred to Eppendorf tubes. Samples were immediately frozen in liquid nitrogen and stored at À80 C.
AsA measurements
Frozen leaves were put into a mortar and ground to a powder with liquid nitrogen. The powder was homogenized in buffer containing 0.1 M HCl and 1 mM EDTA. The homogenate was centrifuged at 13,000 r.p.m. for 2 min. The supernatant was transferred to an Eppendorf tube and the total AsA (reduced and oxidized) concentration was assayed by the method of Kampfenkel et al. (1995) .
RNA isolation
Frozen tissue was ground to a powder in a mortar with liquid nitrogen. Then 1 ml of RNAiso (Takara) was added, and the mixture was homogenized. Next, 200 ml of chloroform was added, and the samples were centrifuged at 13,000 r.p.m. for 15 min. The obtained supernatant was carefully transferred to a new Eppendorf tube, and then the same volume of isopropanol was added. The samples were centrifuged at 13,000 r.p.m. for 10 min, and the resultant pellets were washed with 75% ethanol. The RNA samples were dried using a vacuum pump for 5 min. The crude RNA was treated with 10 U of DNase I and further purified with a FastPure TM RNA Kit (Takara) according to the manufacturer's instructions. The concentration and quality of total RNA were confirmed by NanoDrop 1000 (Thermo Fisher Scientific).
RT-PCR
Less than 500 ng of total purified RNA template was used for preparing cDNA with the Perfect Real Time Master Mix (Takara) according to the manufacturer's instructions. The gene expression levels of DGR1 and DGR2 in the wild type and their T-DNA lines were confirmed by RT-PCR with the following primer sets: ACTIN-2 F, GGGATGAACCAGAAGGATGC; R, CAGCTTCCATTCCCACAAAC; DGR1 F, ATGTACCAAGAA GCAGCACTCCTCTTAGC; R, TCCTCGGAGTTTCCCAACCGC TACCAGCC; and DGR2 F, ATGGAAGGCGTCACCGTCGTGT C; R, TGGTTTACGAACGCTTATAAGCTTGACATC. GoTag TM DNA Polymerase (Promega) was used for PCR following the instructions of the manufacturer.
Gene expression analysis
The cDNA template was mixed with 10 ml of SYBR Premix Ex Taq (Takara) and 1 ml of 10 mM mixed primer (forward and reverse), H 2 O was added up to 25 ml, and the reaction was performed with a Thermal Cycler Dice Real Time System TP800 (Takara). Transcript abundance was calculated using the relative expression software tool (Dice Real Time V2.10B), which takes into account the different efficiencies and calculates the statistical significance of the observed differences. The Arabidopsis gene ACTIN-2 was used as a control to normalize each sample for variations in the amount of initial cDNA template. The specific primers used were: ACTIN-2 (At3g18780) F, G GCAAGTCATCACGATTGG; R, CAGCTTCCATTCCCACAAAC; At1g80240 F, GGCTTGTGTTCAAGGCAGTG; R, GGAGTTTCC CAACCGCTACC; At5g25460 F, CTTTACCTGGATGGATGGTG; R, CCAATGACAGTCCGAACAC; At2g41800 F, GATTCTTCCTC TCCGGTATACCAG; R, CTGGAATCAAGATTCCGGTTG; At3 g08030 F, TGCTTGTGGTCCTTTGTTGG; R, GAGTTCACTAG ACGGTGAGGACC; At4g32460 F, TGCTTCTTCTCCTTCACTC GTTC; R, CCTTTCATGTCCGAATGTCG; and At5g11420 F, CCT AATCGCCACCATCACTTC; R, CCTTCTTGTTTATTACTTGCG TTCC. The suitability of the primer sets and the specificity and identity of the PCR products were confirmed by a melting curve analysis.
Genomic DNA isolation
Leaves of Arabidopsis wild-type (around 20 mg) were homogenized with 0.5 ml of isolation buffer containing 0.6 M NaCl, 0.1 M Tris-HCl (pH 7.5), 40 mM EDTA (pH 8.0) and 1% SDS. The same volume of a chloroform/phenol mixture (1 : 1) was then added and mixed, and the sample was centrifuged at 15,000 r.p.m. for 5 min. The supernatant was transferred to a new Eppendorf tube and 100% ethanol was added to precipitate genomic DNA, then centrifuged at 15,000 r.p.m. for 5 min. The DNA pellet was washed with 1 ml of 70% ethanol and dried with a vacuum pump for 5 min. Finally, the DNA pellet was dissolved in 20 ml of TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and stored at À20 C.
Construction of the promoter-reporter system
The upstream promoter region (in relation to the translation start codon) of each gene was amplified from an Arabidopsis wild-type genomic DNA template with Blend Taq polymerase (Toyobo). The specific primers used were: DGR1 (1,898 bp) F, A GCGGATATCTCGGTAATTCATCG; R, CATGACTTCCTTGGG TGATAGATG; and DGR2 (2,078 bp) F, TTGTATGGGTTCCACT ACGTTCG; R, CATATTGACGGAAGAGAGAACGAG. Promoters were cloned into the entry vector pDONR201, and then into the Gateway binary vector pGWB535 which contains the GUS reporter gene (Nakagawa et al. 2007 ) by Gateway LR reaction using LR clonase (Invitrogen).
Arabidopsis transformation
Agrobacterium tumefaciens GV3101 competent cells were transformed with 300 ng of plasmid by electroporation (2.5 kV, 25 mF, 200 , 1 mm cuvette) with Gene Pulser Xcell (Bio-Rad). The Agrobacterium was used for transformation of Arabidopsis wild type by the floral dip method (Clough and Bent 1998) . The transformed plants were screened on 0.8% (w/v) agar MS medium plates containing 2.5% sucrose and 20 mg ml À1 hygromycin.
Assay of GUS activity
Histochemical localization of GUS activity was carried out according to Jefferson (1987) with some modifications. Seedlings were vacuum inEltrated for 20 min with a solution containing 1 mM 5-bromo-4-chloro-3-indolyl-b-D-glucuronide (X-Gluc; Wako), 50 mM K 3 F 3 (CN) 6 and 0.1% Triton X-100 in phosphate buffer pH 7.2 (made up of 0.1 M NaH 2 PO 4 and 0.1 M Na 2 HPO 4 ), and then incubated at 37 C overnight. After that, samples were rinsed with 100% ethanol/100% acetic acid (6 : 1) and finally washed with phosphate buffer (described above). Tissues were examined using an Olympus SZX16 dissecting microscope interfaced with a Nikon DXM1200F digital camera and ACT-1 image-capture software. Nontransgenic plants were used as a negative control. The same results were obtained from more than three independent transgenic lines.
Confocal microscopic observation
The wild type and dgr mutants were grown vertically on MS plates including 1% agar. Two-day-old seedlings were stained with a PI solution (10 mg ml À1 ), placed on slides and then imaged under confocal microscopy (Leica TSC SP5).
Preparation of recombinant DGR2 protein
The coding region-specific primers for DGR2 were designed as follows: DGR2_F, 5 0 -CTCGAGATGGAAGGCGTCACCGTC-3 0 ; and DGR2_R, 5 0 -GGATCCCTATGGTTTACGAACGCTTA-3 0 , including XhoI and BamHI restriction sites, respectively. PCR amplification was carried out using Blend Taq (Toyobo). The template was from a single-stranded cDNA pool that was prepared from wild-type Arabidopsis. The amplified product was cloned into pGEM-T easy vector (Promega), and the sequence of the inserted fragment was verified by DNA sequencing. The insert was excised by XhoI and BamHI digestion and subcloned into pCold TF expression vector (Takara). The final construct was transformed into E. coli cells [BL21-CodonPlus (DE3)-RIL, Stratagene]. The cells were grown in LB medium containing 50 mg ml À1 ampicillin at 37 C. When the absorbance of the culture reached 0.4-0.5 at 600 nm, 1 mM isopropyl-b-Dthiogalactopyranoside was added, and the cells were grown continuously at 15 C for 24 h. Then the purified recombinant DGR2 was obtained by using a TALON Metal Affinity resin column (Clontech) following the manufacturer's procedure.
Evaluation of the galactose binding ability of DGR2 protein
The purified recombinant DGR2 protein was used for the binding assay. In the assay, 0.25 mCi of D-[1- 14 C]galactose (Perkin-Elmer) was added to 2 nmol of the DGR protein tagged with TF, TF only or HEPES buffer. The mixture was incubated at 24 C for 2 h and then filtered through Centrifugal Filter Units (Millipore) with a cut-off size of 10 kDa, and washed with 10 mM HEPES (pH 7). The flowthrough was removed and the remnant in the filter unit was collected and scintillation fluid (Scintisol 500, Wako) added for analysis on a Beckman LS6000SE scintillation counter. The amount of radioactivity bound to the protein was measured as disintegrations per minute (d.p.m.).
Data analysis
The significance of differences between data sets was evaluated with the Student t-test or Tukey's test. Calculations were carried out with Microsoft Excel software.
Supplementary data
Supplementary data are available at PCP online.
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